A two-control-volume model is employed for honeycombstator/smooth-rotor seals, with a conventional control-volume used for the through flow and a "capacitance-accumulator" model for the honeycomb cells. The control volume for the honeycomb cells is shown to cause a dramatic reduction in the effective acoustic velocity of the main flow, dropping the lowest acoustic frequency into the frequency range of interest for rotordynamics. In these circumstances, the impedance functions for the seals can not be modeled with conventional (frequency-independent) stiffness, damping, and mass coefficients. More general transform functions are required to account for the reaction forces, and the transfer functions calculated here are a lead-lag term for the direct force function and a lag term for the cross-coupled function. Experithental measurements verify the magnitude and phase trends of the proposed transfer functions.
INTRODUCTION
The use of honeycomb annular seals in gas compressors and turbines is an attractive retrofit or design implementation due to their 'Graduate Research Assistant 2Jordan Professor of Mechanical Engineering favorable static and dynamic characteristics. Honeycomb seals are most often employed in the following two distinct ways: (a) A honeycombstator/smooth-rotor configuration for enhancing rotor stability, (b) An abradable honeycomb-stator with a labyrinth-rotor for superior leakage control. The latter configuration is typical for aircraft gas turbines, while the former is used frequently in high-pressure centrifugal compressors in the petrochemical industry and is the configuration of interest here. In the balance of this paper, "honeycomb seals" will refer to this configuration.
Honeycomb seals were initially used to eliminate a stability problem with the High Pressure Oxygen Turbopump (11POTP) of the Space Shuttle Main Engine (SSME), Scharrer (1989) . Recently, these ' seals have been used to eliminate rotordynamic instability problems with high-pressure compressors, Zeidan et al. (1993) , Sorokes et al. (1994) . The authors are aware of several other compressors plus at least one steam turbine which have been "cured" of rotordynamic instability problems via retrofits of honeycomb seals.
For small motion about a centered position, the conventional force/m otion model used for annular seals is
C c Af{.;} For annular gas seals, c and Mhave typically been assumed to negligible. Nelson (1984 Nelson ( ,1985 developed the initial analysis for rotordynamic coefficients of annular seals. Nelson developed a bulk-flow model comprised of: (a) a compressible-flow continuity equation, (b) an axial- For this analysis an isothermal flow is assumed; hence, the energy equation is not required. The bases for assuming isothermal flow are the following: (a) experimental measurements for honeycomb seals tested at the Turbomachinery Laboratory of Texas A&M University have shown less than 5% temperature change through the seal, and (b) dynamic pressure measurements inside the honeycomb cells by Ha et al. (1992) indicated that the fundamental frequencies are above audible range (0 to 18 kHz); according to Potter and Foss (1982) flow with that high a frequency content is best approximated as being isothermal.
The solution of the above equations follows the procedure outlined in Childs (1993) and employs a perturbation of the variables P, H, W, and U in the following manner, P " Po + €P1 H = Ho + EH,
The small parameter is the perturbed eccentricity ratio about a centered position. For solution, the parameters are nondimensionalized via, Elrod et al. (1989 Elrod et al. ( , 1990 who developed an improved model for the inlet loss. Ha and Childs (1994) implemented friction-factor data from flat-plate measurements to improve the friction-factor model for honeycomb surfaces. In a response to a discussion of their paper, Ha and Childs expanded the model to allow radial transient flow into the honeycomb surface. Their analysis uses a two-control-volume model.
An implicit requirement in all of the analyses leading to the model of Eq. (I) is that the acoustic frequencies of the gas within an annular seal be substantially above the rotordynamic frequencies of interest This paper will use the two-control-volume model of Ha and Childs (1994) to demonstrate that this requirement is generally not met, and consequently, honeycomb seals can not be modeled adequately with frequency-independent stiffness, damping, and mass coefficients.
Axial Momentum Equation
H ar
The variable V is eliminated by substituting the continuity equation for Control Volume B into the continuity equation of Control Volume A and the momentum equations. The shear-stress terms are modeled via the bulk-flow theory of Hits (1973) . The relationship between pressure P and density p is modeled by the equation of state for an ideal gas, (5)
Two-Control-Volume Model

ZeR0 T
The prior governing equations for plain and honeycomb gas seals (Nelson, 1985, and ) employ a single control volume. However, the honeycomb seal geometry can clearly allow flow to radially enter and exit the honeycomb cells. In essence, the honeycomb seal land acts as a porous surface. Hence, as indicated in the authors' response of Ha and Childs (1994) , the use of an additional control volume (adjacent to the main flow control volume) which allows flow to only enter and exit in the radial direction can better describe the physical nature of the flow. 
Note that for a centered seal without a clearance perturbation, A clearance perturbation is required to generate flow between volumes A and B.
A surnmation of the forces in the Z and e directions yields the following momentum equations:
The clearance function is, h = ho -. x(r)coso -y(t)sine (9) The boundary conditions required to solve Eq. (16) 
solution is assumed for the dependent perturbation variables, w 1 (z,t,0) c wie(z,t)cosEt + w ia (z,t)sine (z,s,e) = rt ic(r,t)cose + udz,t)sine pi (z,t,e) = pic (z,t)cose + p 12 (r,t)sin0
The resultant perturbed expressions are MO) (
2p0 (0)w0 ( 0)w1 (0)1, This assumed solution established a sinusoidal response of the perturbed variables in the RO direction. The 6 dependancy is eliminated by substituting the relations of Eqs. (10) and (11) into the and, first order equations. Equating coefficients of sin9 and cos() terms yields six real equations. Introducing the following complex variables
( 1 c) (1)w0 (1)w1 (1)] reduces the problem to three complex equations in t and z. The time dependancy is eliminated by assuming a precessional seal motion of the form, ( eh' ° -ii°c. tick' a -roern, (13) where is the precessional frequency for the rotor, and
Corresponding separation-of-variables solutions for the perturbed dependent variables are:
Finally, after substituting the above variables and simplifying, the governing equations are (20) is replaced with the requirement that the exit isothermal Mach number be constant which yields the alternative perturbed boundary condition w,(1)0.Note, choked flow implies that the coefficient of the dp o/dz term is zero and thus, the pressure gradient becomes infinite. The third boundary condition is u1(0)-0. Using a transition-matrix approach the missing boundary conditions at the entrance (p,(0) and w,(0)) are found which satisfy Eqs. (19) and (20).
Integration of the perturbed pressure for discrete frequencies gives the following perturbation impedances,
./e (f) = fol lm[paf)jdz
If the force/motion relationship conforms to the model in Eq. (1), leastsquare curvefits of impedance versus frequency provide:
I,(f) = (K -Mf 2 ) + cf IO W = k -Cf
With the force coefficients found, the analysis is complete. The example provided in the following section will demonstrate the inadequacy of Eq.
(1) in matching calculated impedances due to an acoustic phenomenon.
SOLUTION EXAMPLE FOR A LONG (L/D=1) HONEYCOMB SEAL
Test conditions of a honeycomb seal which was tested at the Turbomachinery Laboratory of Texas A&M University are used in this study to define an example calculation. A description of the test facility is provided by Childs et. al. (1985) and Pelletti and Childs (1991) .
The appropriate input data are: 
Acoustic Model
To perform an acoustic study, the perturbed governing equations of flow are reduced in a manner described by Thompson (1988) . The reduction of the general perturbation equations to an undamped wave equation entails eliminating the convection terms in the perturbed variables and the shear stress terms. For simplicity, excitation terms due to perturbations in the clearance function are also neglected. After these simplifications, and using dimensional variables for clarity, the following equations result: 
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Taking the divergence of the combination of Eqs. (24) and (25) the isothermal sonic speed (Potter and Foss, 1982) .
A comparison of the reduction of co and the resonant frequencies (j u) of figure 4 versus lid is shown in figure 5 . The effective sonic speed is nondimensionalized by the isothermal sonic speed, the resonant frequencies are nondimensionalized by the resonant frequency for and the honeycomb cell depth is nondimensionalized by the operating clearance.
In performing the acoustic analysis, the velocity disturbances, (w, and gel), are assumed to be small in comparison to the sonic speed, i.e., (Mach Number? << I. However, the flow within a seal can approach the choked condition, Mach Number = 1 at seal exit. Hence, applying the acoustic analysis may be questionable for some conditions. Nevertheless, the acoustic model explains the reduction of the resonant frequencies shown in figure 4 . In figure 5 , the rate of decrease of the resonant frequencies with increased cell depth is consistent with the rate of decrease of the effective sonic speed from the acoustic solution. This parallel validates the acoustic-model explanation of cell-depth influence on the effective sonic speed and, consequently, on the resonances shown in figure 4 .
GENERAL-TRANSFER-FUNCTION MODEL
Because the acoustic resonant frequencies in a honeycomb seal can be less than the operating speed, causing the force/motion model in Eq. (I) to be inadequate, a new model is required for the reaction force components and the following Laplace transform model is proposed: 
P)
and,
E(s)
For the plots depicted in figures 6 and 7, the terms in the above expressions are approximately; K0=10.75 MN/rn, KE=2108 MNsedm, a = -84 tad/sec, 600 rad/sec, and? = 470 rad/sec. Note, that a, and y are less than running speed (-1670 rad/sec). The model format for D and E shown in Eq.(30) and (31) has been found to be appropriate for a wide range of honeycomb seal configurations over a wide range of operating conditions. However, alternative formats may yet be required for some cases; e.g., second-degree denominator polynomials might result from calculated seal impedances. Figures 8 and 9 show comparisons of measured and predicted magnitude and phase of D and E, respectively for the example case of Table I . The predicted trends of magnitude and phase for both b and E are verified by the measurements. A large message provided by figures 8 and 9 is that data are required over a much larger frequency range to more adequately verify the predicted model format of Eqs. (30) and (31). Unfortunately, the frequency range of the investigators test rig can not be extended.
Having arrived at valid transfer functions for honeycomb seals, the next question is: How can these models be integrated into rotordynamic analyses?
GENERAL TRANSFER FUNCTION MODELS AND ROTORDYNAMIC ANALYSES
Rotordynamic analyses generally involve solution for synchronous response due to imbalance, stability analyses, and nonlinear transient simulations. For synchronous response, the transfer functions of Eqs. (30) and (31) can be converted into running-speed-dependent stiffness and damping coefficients in the same way that people have traditionally modeled foundations, gas bearings, flexibly-supported tilting-pad bearings, etc. The effective (running-speed-dependent) stiffness and damping are found by returning to Equation (28 
KE X(S) X(S) YAS) (S+Y) +13) K y(s) Y2(s) -(s+Y) ICD(s +a) y(s)
damping. At low frequencies (f<0.15) the effective damping is Modeling the seal forces with frequency-dependent stiffness, damping, negative because of a relatively large cross-coupled stiffness (K Ey) and inertia terms hides the degrees of freedom which are contained in the term.
transfer-function denominators of D and E.
An approximate and iterative stability analysis can be performed by selecting a frequency, e.g., running speed, calculating equivalent stiffness and damping coefficients for this speed from Equation (34), and then calculating damped eigenvalucs. The natural frequency of the mode that is of concern with respect to stability can then be used to recalculate equivalent stiffness and damping coefficients, and the cycle is repeated until convergence is achieved between the assumed frequency and the imaginary part of the damped eigenvalue of interest. Aside from the iterative nature of this approach, an additional drawback is that the results obtained for damped eigenvalues at other than the converged natural frequency are not correct.
Beyond the weight of past practice, there is no compelling reason to continue forcing models to conform to a stiffness, damping, and inertia format. Conventional linear systems analysis (e.g., Melsa and Shultz, 1969 ) provides a quite adequate foundation for handling the type of reaction-force transfer function models provided by Eqs. (30) and (31). The approach can be demonstrated by a Jeffrott model formulation. Applying the reaction-force model of Eqs. (28), (30), and (31) to the mass of a Jeffcott model would yield
KD (s+a).X(S) K E y(s) (m "s2 « c,s + k)z(s) + -Fit) (s 113) +y)
A time-domain, state-variable format for the model of Eq. (37) Again, this is an eight-order system versus the fourth-order system of the original leffcott model. Eq.(38) can be stated in matrix form as
The eigenvalues for [G] can be calculated directly (versus iteratively), e.g., using the QR algorithm.
Due to space limitations, the following simplified eigenvalue analysis is provided as insight for the application of a transfer-function honeycomb seal force/motion model to the Jeffrott rotor. For this analysis, the .ieffcott rotor is assigned: (a) a TO= of 100 kg, (b) a natural frequency of 0.75ta, (c) viscous damping corresponding to 2% of critical damping, (d) the calculated values of K ce KE, a, p, and y for the input of (36) Table I over a range of h d from 0 to 5. Eigenvalue solutions indicate that the overall system critical damping, for forward precession, decreases from 10.4%, at 100, to 5" at hd=5.
The following more usend Laplace-domain model is obtained The leffcon model used in the above demonstration is obviously simpler than a general rotordynamics model involving stiffness, damping, and inertia matrices. However, the state-variable formulation demonstrated above can be readily extended to general rotor models, and has previously been employed for rotors on magnetic bearings, Palazzolo et al. (1993) .
DISCUSSION AND CONCLUSIONS
The analysis presented demonstrates that the cells of honeycomb art to reduce the effective acoustic velocity of flow through the seal which can drop seal acoustic natural frequencies into the frequency range of interest for rotordynamics. In these circumstances, the conventional (frequency-independent) rotordynamic-coefficient model is invalid, and a more general transfer-function model is required. The transfer functions calculated here are a lead-lag function for the direct term and a simple lag function for the cross-coupled term.
Given that the lowest axial acoustic mode natural frequency is approximately nciL and the lowest circumferential mode frequency is approximately ;JR where c," is the effective acoustic velocity, conventional, (frequency-independent) models may work for short seals with small diameters and (comparatively) low speeds. For all other cases, general transfer functions should be employed. General transfer-function models for honeycomb seals require nonconventional rotordynamics tools for stability and/or transient analysis. For synchronous response due to imbalance, running-speeddependent stiffness and damping coefficients can be used with conventional analyses.
A reasonable question to consider at this point is: Does the new model fit test data better than the old model? Unfortunately, the answer is inconclusive with respect to the authors' test data, because our feasible frequency range of excitation (40 to 70 Hz) is too restricted. Test data are needed from low frequencies out to frequencies in excess of running speed to verify the predictions of the present analysis. The test apparatus described by Childs and Hale (1994) for testing hydrostatic bearings has the required frequency range and has been modified to test liquid annular seals, Lindsey and Childs (1995) . The test rig is currently being considered for future air-seal testing. 
